Background: Evidence is accumulating that inflammatory processes play a role in the pathophysiology of schizophrenia. This suggests that anti-inflammatory drugs might have beneficial effects in the treatment of schizophrenia patients. Statins have cholesterol independent effects on inflammation and oxidative stress and could potentially improve positive, negative and/or cognitive symptoms of schizophrenia. We provide an overview of the literature regarding the effects of statins in the treatment of schizophrenia.
Introduction
Schizophrenia is a severely debilitating illness, which often results in psychological distress and poor functioning in daily life [1] . While antipsychotic medication is quite effective in reducing positive symptoms, they often cause adverse effects including extra pyramidal symptoms, weight gain, metabolic syndrome and drowsiness [2] . Moreover, negative and cognitive symptoms are insufficiently targeted by antipsychotics [3] . During the past years, the role of inflammatory processes in the pathophysiology of schizophrenia has gained interest, which suggests that anti-inflammatory drugs could serve as candidates for schizophrenia treatment [4] .
Although well-regulated immune responses are essential to protect the body from infections, long-lasting inflammatory conditions can be harmful for the host [4] . Different lines of evidence suggest that low-grade inflammation in the central nervous system is involved in the pathogenesis of schizophrenia. These include previous findings of maternal immune alterations and prenatal infections significantly increasing the risk for schizophrenia and schizophrenia-related neurocognitive or neuroanatomical abnormalities in offspring [5] . In addition, autoimmune disorders and the number of infections requiring hospitalization have been identified as risk factors for schizophrenia [6] . Indeed, autoimmune disorders share several features with schizophrenia including onset, course and triggers of disease [7] . Furthermore, the use of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) and glucocorticosteroids for somatic disorders have been associated with decreased prevalence of schizophrenia in men [8, 9] . Research on inflammatory parameters has also shown interesting findings. Numerous studies on cytokine alterations suggest a relationship between immunological processes and schizophrenia [for an extensive review, please refer to [10, 11] ]. However, these studies struggle with small sample sizes and confounding factors such as smoking and metabolic syndrome [12] . A recent post-mortem study reported that signs of inflammation were found in brain tissue in more than 40% of schizophrenia patients [13] . Earlier studies have mentioned degradation products of inflammatory substances in brain tissue of schizophrenic patients [14] . Within the Cerebrospinal Fluid (CSF) of schizophrenia patients, this is as high as 50%. Lastly, genetic studies underline a possible immune component in the pathogenesis of schizophrenia, as a large pooled data-set of Single Nucleotide Polymorphism (SN-P)-based genome-wide association studies has shown a link between schizophrenia and various markers located on the Major Histocompatibility Complex (MHC) region on chromosome 6p21.3-22.1 [15] .
Several types of medication have been proposed to investigate the beneficial effects of anti-inflammatory medica-tion. A meta-analysis including 26 double-blind RCTs described beneficial effects for aspirin (n = 270), estrogens (n = 262) and N-Acetylcysteine (NAC) (n = 140) [16] . These promising results have increased interest for the potential augmentation of antipsychotic therapy with anti-inflammatory agents for patients with a schizophrenia spectrum disorder. However, many of the investigated anti-inflammatory agents also exert side effects, especially within longterm use. Therefore, the search for effective anti-inflammatory agents that can be used on a long-term basis has continued [17] .
Recently, the anti-inflammatory potential of statins has been highlighted [18] . Until now, statins are almost exclusively used in the treatment of cardiovascular diseases and have established themselves as safe and efficient cholesterol inhibitors. Apart from their lipid lowering effects, studies have shown that statins have cholesterol independent effects on inflammation and oxidative stress [19] . Statins have been widely prescribed during the past thirty years, thereby generating a vast amount of data on their efficacy and safety [19] . While statin therapy may cause symptomatic adverse events (e.g. muscle pain or weakness), a major review recently stated that adverse effects seem to have been disproportionally highlighted in previous reports, as these are only observed in up to 50-100 patients per 10,000 treated for five years [19] .
In the CNS, cholesterol metabolism seems to be independently regulated from other parts of the body, which means that Blood-Brain-Barrier (BBB) penetration could be an important factor for statin efficacy [20] . Several types of statins, including lovastatin, pravastatin, atorvastatin and simvastatin, have been tested for their neuroprotective potential by Sierra, et al. [21] . It was described that statins with a high order of lipophilicity have a higher potential to cross the BBB, implying that lipophilic statins could have a more significant impact on the CNS. Not only potential BBB penetration, but also hypocholesterolaemia activity in neurons and biosafety of the statins were analyzed. The researchers described that among the nine statins studied, simvastatin presented the best characteristics for preventing neurode-generative conditions, mainly for its high capacity to penetrate the BBB, its cholesterol lowering effect in neurons and neuroprotective potential in vitro.
The aim of this review is to provide insight into the influence of statins on the positive, negative and cognitive symptom severity in patients with a schizophrenia spectrum disorder.
Methods
A systematic search was performed in the PubMed (Medline) and Embase databases, using combinations and synonyms of the following search terms: "Statin", "Cholesterol inhibitor", Hydroxymethylglutaryl-Coenzyme A inhibitor" in addition to one of the following diagnoses or syndromes: "Schizophrenia", "negative syndrome", "positive syndrome", "dementia praecox" or "Psychosis". More details on the search are presented in Figure 1 . After the duplicates were removed, two investigators independently screened all titles and abstracts. Articles describing both the direct effect of statins on psychotic symptoms and general effects of statins in psychotic patients were initially selected. Articles were excluded if they encompassed (i) animal studies, (ii) case reports or (iii) articles that were not originally available or translated in English or Dutch. Publication date was not an exclusion criterion, as the total number of results was limited, and older articles were still considered relevant. The full search strategy is supplemented as Appendix A. The search string was built by one investigator and reviewed by an experienced librarian. Search cut-off date was January 1 st 2017.
Both investigators checked fifty-seven articles for fulltext eligibility. Seven articles were excluded in which patients with more general psychiatric disorders were described, as specific information on schizophrenia or psychosis was not found. Another article did not specifically describe effects of statins. The final article that was excluded contained a web-based survey in which the methodology was not described explicitly. Judgment differences were resolved through a discussion between the two authors and consensus was achieved. Reference lists of included articles were used to further complete the information used for this review. The remaining forty-seven articles were divided within Randomized Controlled Trials (RCTs) and articles that were used for background information.
Results

Conducted clinical trials
Four RCTs were retrieved that met our inclusion criteria, assessing the effects of four different statins on symptoms of schizophrenia in patients with a schizophrenia spectrum disorder. More detailed information on these four studies is presented in Table 1 .
Atorvastatin: Atorvastatin was described as a drug that can potentially influence endothelial Nitric Oxide (NO) synthesis and suppress inflammation [22] . This study Lovastatin: Ghanizadeh, et al. [25] performed a clinical trial to assess the effect of lovastatin on the overall symptoms of schizophrenia, given its anti-inflammatory effects. Patients with a schizophrenia diagnosis were randomized in a 1:1 ratio to lovastatin (20 mg/day) plus risperidone (2 to 8 mg/day) or placebo plus risperidone. Results were obtained after 60 days, using the PANSS as main outcome measure. The PANSS scores did significantly decrease in both groups over time but there was no significant difference between the two groups (p = 0.3). The decrease in PANSS scores might be caused by risperidone treatment. The hypothesis that statin treatment would lead to symptomatic improvement was not supported by these results. The authors provided several explanations. Firstly, they stated that the immune hypothesis and the role of IL-6 are still not fully understood, while it is also unclear which cytokines are suppressed by mainly focused on the effects of atorvastatin on negative symptoms. Participants had a minimum score of 50 on the Positive and Negative Syndrome Scale (PANSS)- [23] and at least 10 points on the Scale for the Assessment of Negative Symptoms (SANS)- [24] . The participants were randomly assigned to receive 20 mg atorvastatin plus risperidone (6 mg/day) or risperidone (6 mg/day) plus placebo. Both groups showed a significant reduction of negative symptoms over the course of 6 weeks, which could largely be attributed to risperidone. It was described that the SANS score in the treatment group did decrease more in the treatment group compared to the placebo group, but this result was not statistically significant (p = 0.068). The authors did calculate that the result would have been significant after 8 to 12 weeks, provided that the difference in SANS score between the two groups would increase at equal speed. This line of reasoning is questionable however, as another study with pravastatin only showed an increased difference in symptoms between statin and placebo groups during the early treatment phase, while this difference could 
Simvastatin and ondansetron:
After conducting the initial pilot study, Chaudhry, et al. [27] are now conducting a second, larger RCT to assess the effects of simvastatin and/or ondansetron to treatment as usual (Clinical-Trials.gov identifier: NCT01602029). A large number of patients (n = 216) will be randomized into four different groups, which is slightly different compared to their pilot study in which the patients were randomised into three groups (ondansetron, simvastatin or placebo). The four study treatment arms are as follows: ondansetron (8 mg) and simvastatin (40 mg) (n = 54), ondansetron and placebo (8 mg) (n = 54), simvastatin and placebo (40 mg) (n = 54) versus two placebos (n = 54) will be used in a 2 × 2 design. The first four weeks, the patients will use 20 mg once daily; then the dose will be titrated to 40 mg once daily. Patients will be treated with study medication for 26 weeks in total. The following outcomes will be evaluated after treatment duration of 26 weeks: improving positive symptoms, social functioning, cognitive functioning and other additive effects of adding study medication on treatment as usual. Symptom severity will be assessed by using the PANSS, Clinical Global Impression (CGI), Global Assessment of Functioning (GAF), Quality of Life Scale (QOLS- [28] ) social functioning scale and additionally cognitive assessments will be assessed using the seven domains of the Cambridge Neuropsychological Test Automated Battery (CANTAB- [29] ). This study has been completed and a total of 303 patients have been enrolled. Results are not yet published.
Simvastatin: Currently, a large RCT is being conducted by our group (ClincialTrials.gov identifier: NCT01999309) on the effects of 40 mg/day simvastatin. This study will include a larger sample size compared to previous clinical trials (n = 250), as well as a longer treatment duration (12 months). The study focuses on recent-onset patients with a schizophrenia spectrum disorder DSM-IV diagnosis. The onset of the first psychotic episode can be no longer than three years ago. PANSS scores and cognitive functioning as measured by the Brief Assessment of Cognition in Schizophrenia (BACS- [30] ) are the primary outcomes. Secondary outcomes include the evaluation brain tissue loss by Magnetic Resonance Imaging (MRI). Additionally, the presence and severity of metabolic syndrome and degree of movement disorders will be evaluated by using the Barnes Akathisia Rating Scale (BARS- [31] ) and the St. Hanss Rating Scale (SHRS- [32] ). A total of 100 patients are currently enrolled, the final inclusion is estimated around March 2018.
Fluvastatin: Buchanan, et al. assesses the effects of combined anti-inflammatory therapy, including: fluvastatin (40 mg/day), salsate (4mg/day) and omega-3-fatty acids eicosapentaenoic and docosahexaenoic (2 mg/ lovastatin. Secondly, all included patients were inpatients, who are generally severely ill. Additional limitations were a small sample size and short study duration. Similarly to pravastatin, lovastatin's ability to cross the BBB is poor [21] .
Pravastatin: Vincenzi, et al. [26] chose to investigate the role of pravastatin on inflammatory markers (including CRP), lipid and glucose metabolism, PANSS scores and cognition in subjects with schizophrenia and schizo affective disorder [26] . Outcome measures were assessed at baseline, 6 weeks, and 12 weeks. No significant reduction in CRP levels, PANSS scores or cognitive functioning was observed in the treatment group over 12 weeks of treatment compared with placebo. The authors did find a significant decrease in the PANSS positive symptoms score at 6 weeks as compared to baseline scores for the pravastatin group, but this difference failed to remain significant after 12 weeks. The authors proposed that the pravastatin dose used in their study was too low to maintain effects after 6 weeks. In addition, the authors propose that increasing the sample size (n = 49) could yield more accurate results, as it allows for multiple testing and subgroup analysis.
Simvastatin: Chaudhry, et al. [27] investigated the effects on PANSS scores of simvastatin or ondansetron, a serotonin (5-HT3) receptor antagonist with limited effects on cytokine production, in addition to treatment as usual, for a period of 12 weeks. PANSS scores were the main outcome of this rater-blind, placebo-controlled study. The PANSS outcomes do not differ between simvastatin compared to treatment as usual after 12 weeks (95% Confidence Interval (CI): PANSS positive: -6.12 to + 0.73; PANSS negative: -3.12 to + 3.11; PANSS total: -17.05 to + 3.81). Chaudhry, et al. [27] proposed that simvastatin's anti-inflammatory properties might work better in patients experiencing early psychosis, compared to patients with established schizophrenia.
Side effects:
The four RCTs included within this review did not describe increased side effects caused by statin treatment compared to placebo. The reported side-effects mentioned in both groups where headache, head cold, slowness of movement, increased appetite, weight gain, decreased energy, muscle rigidity, weakness, memory problems, dizziness, restlessness, constipation and drowsiness during the day [22, [25] [26] [27] . Vincenzi, et al. [26] did describe muscle soreness reported by 5 subjects within the pravastatin group (n = 24) compared to 1 subject within the placebo group (n = 25); it was not tested for significance. None of the included RCTs described serious adverse events.
Pending trials
Currently, there are three ongoing trials in which statins are used to treat schizophrenia spectrum disorder patients, which have been found by searching the ClinicalTrials.gov Although the results of the four completed RCTs did not show any significant differences, add-on statin therapy could still be a promising treatment for schizophrenia for various reasons. First, several methodological shortcomings were observed in the included trials. Every RCT was performed within a relatively small time frame (6-12 weeks), while studies describing effects of non-statin anti-inflammatory medication (e.g. NAC) on schizophrenia patients only showed clear evidence for efficacy after six months [35] . Second, as described by Sayyah, et al. [22] , Ghanizadeh, et al. [25] and Vincenzi, et al. [26] , small or medium effects would be expected for add-on statin treatment; as sample sizes in the four clinical trials were relatively small (n = 30-49), these studies may have been underpowered. Increased sample sizes and studies with longer duration could be more beneficial in demonstrating effects of adjuvant statin therapy. Third, statins differ in their lipophilicity, e.g. their potential to cross the BBB and their neuroprotective capabilities. Sierra, et al. [21] has recently stated that simvastatin presents the best characteristics as potential neuroprotectant, when compared to other statins in vitro. Pravastatins and lovastatins limited potential to cross the BBB could make them less suitable candidates for suppressing inflammation in the CNS compared to simvastatin and fluvastatin. Fourth, although the effects of statins on inflammation in the CNS might still be unknown, the adverse side effects of statins are well studied. Large scale evidence from RCTs points to the enormous effect of statins in lowering cholesterol, while side-effects from appropriately dosed medication seems to be minimal. This is in contrast to other anti-inflammatory drugs such as aspirin, which needs to be combined with gastric protection to prevent gastrointestinal bleedings, and estrogen, which needs to be combined with progesterone when it is used for more than 2 months [16] . Lastly, cardiovascular risk factors in schizophrenia patients should not be underestimated. Cardiovascular death occurs more frequent in schizophrenia patients compared to non-psychiatric persons, and is the most common cause of death in this group [36] . Previous studies have already stated that schizophrenia patients are less likely to receive appropriate dosage of cardiovascular medication compared to non-schizophrenia persons, despite of increased risk factors such as metabolic syndrome, smoking, weight increase and a sedentary lifestyle [37] . Consensus guidelines for early detection and prevention of CVD in schizophrenia would be a good first step towards decreasing mortality in schizophrenia patients [38] . Given the fact that schizophrenia spectrum disorder patients are often characterized by high levels of cardiovascular risk factors statin treatment combining anti-inflammatory with cardio protective properties may provide a double-hit effect in the treatment of psychosis. day), as compared to placebo therapy (ClinicalTrials.gov identifier: NCT01514682). Fluvastatin is thought to have similar anti-inflammatory properties as earlier described statins (e.g. atorvastatin, simvastatin). However, a combination therapy is chosen to maximize the possibility of pronounced therapeutic effects. Primary outcomes are positive symptoms using the Brief Psychiatric Rating Scale (BPRS- [33] ) positive item total score, in addition to cognitive performance for which the Measurement and Treatment Research to Improve Cognition in Schizophrenia Concensus Cognitive Battery (MATRICS- [34] ) composite score will be used. A total of 39 patients are currently enrolled, the final data collection is scheduled for April 2017.
Discussion
The aim of this review was to assess the available RCTs that investigated the effects of statins on the positive, negative and cognitive symptoms of schizophrenia. Until January 1 st 2017, four RCTs have investigated the effect of statins in the treatment of schizophrenia spectrum disorder. None of these trials have found significantly beneficial results for add-on statin treatment in comparison to placebo. No significant effects were found on positive, negative and cognitive symptoms at the end of the treatment. The only significant reduction on PANSS positive score was found after 6 weeks of pravastatin treatment, while this effect was not found after a longer treatment period (12 weeks). Three larger RCTs investigating statins in schizophrenia are still ongoing, and further results are expected around the end of 2020.
The four completed RCTs did not describe any side serious adverse events. There were limited differences in side effects of statin use compared to placebo; muscle soreness was more frequently reported by pravastatin users compared to placebo. However, it was not described whether it was significant.
Currently evidence for efficacy for positive, negative and cognitive symptoms in schizophrenia of statin treatment is lacking for various reasons. Firstly, although evidence suggests that inflammatory processes could play a role in the psychopathology of schizophrenia, this has not yet been proven [11] . In addition, promising studies on inflammatory markers in the blood and liquor of schizophrenia spectrum disorder patients have not yet established consistent markers of disease, which makes it difficult to evaluate effects of anti-inflammatory treatment on inflammation in the CNS [10] . Secondly, it is still uncertain whether statins' inflammatory properties could be sufficient in decreasing inflammation in the CNS [25] . Lastly, Ghanizadeh, et al. [25] described the possibility of pharmacological interactions between risperidone and lovastatin. Pharmacological interaction
Conclusion
This review identified four RCTs which have not shown significant beneficial effects of statins in the treatment of positive, negative and cognitive symptoms in schizophrenia spectrum disorder patients. However, given the established safety of statins, their valuable effects on cardiovascular symptoms in at-risk individuals and their anti-inflammatory properties make statins theoretically an interesting adjuvant therapy for schizophrenia. Larger and longer RCTs are required to assess the potential of statins more accurately to reduce both specific schizophrenia symptoms and cardiovascular mortality in patients with a schizophrenia spectrum disorder.
